Background-Chronic pressure overload causes myocardial hypertrophy, increased fibrillar collagen content, and abnormal diastolic function. We hypothesized that one determinant of these pressure overload-induced changes is the extracellular processing of newly synthesized procollagen into mature collagen fibrils. We further hypothesized that secreted protein acidic and rich in cysteine (SPARC) plays a key role in post-synthetic procollagen processing in normal and pressure-overloaded myocardium. Methods and Results-To determine whether pressure overload-induced changes in collagen content and diastolic function are affected by the absence of SPARC, age-matched wild-type (WT) and SPARC-null mice underwent either transverse aortic constriction (TAC) for 4 weeks or served as nonoperated controls. Left ventricular (LV) collagen content was measured histologically by collagen volume fraction, collagen composition was measured by hydroxyproline assay as soluble collagen (1 mol/L NaCl extractable) versus insoluble collagen (mature cross-linked collagen), and collagen morphological structure was examined by scanning electron microscopy. SPARC expression was measured by immunoblot. LV, myocardial, and cardiomyocyte structure and function were assessed by echocardiographic, papillary muscle, and isolated cardiomyocyte studies. In WT mice, TAC increased LV mass, SPARC expression, myocardial diastolic stiffness, fibrillar collagen content, and soluble and insoluble collagen. In SPARC-null mice, TAC increased LV mass to an extent similar to WT mice. In addition, in SPARC-null mice, TAC increased fibrillar collagen content, albeit significantly less than that seen in WT TAC mice. Furthermore, the proportion of LV collagen that was insoluble was less in the SPARC-null TAC mice (86Ϯ2%) than in WT TAC mice (99Ϯ2%, PϽ0.05), and the proportion of collagen that was soluble was greater in the SPARC-null TAC mice (14Ϯ2%) than in WT TAC mice (1Ϯ2%, PϽ0.05) As a result, myocardial diastolic stiffness was lower in SPARC-null TAC mice (0.075Ϯ0.005) than in WT TAC mice (0.045Ϯ0.005, PϽ0.05).
C hronic pressure overload, such as occurs with arterial hypertension, is a common cause of left ventricular (LV) remodeling and frequently leads to the development of chronic heart failure. [1] [2] [3] Pressure overload-induced remodeling is characterized by the development of cardiomyocyte hypertrophy, an increase in extracellular matrix (ECM) fibrillar collagen content, and the development of abnormal diastolic function. [3] [4] [5] [6] However, the mechanisms by which pressure overload leads to cardiac remodeling, particularly a net increase in myocardial collagen content and the development of diastolic dysfunction, have not been completely defined.
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Fibrillar collagen biosynthesis begins within a fibroblast with the synthesis of procollagen ␣-chain monomeric proteins, which then form the triple-helical structure of a procollagen molecule 7 (Figure 1 ). After synthesis, a procollagen molecule is secreted into the extracellular space, where it must undergo a series of ordered, time-sensitive, and location-sensitive processing steps to become a mature cross-linked insoluble structural collagen fibril. We hypothesized that one fundamental mechanism by which chronic pressure overload increases myocardial fibrillar collagen content and causes the development of abnormal diastolic function is an alteration in post-synthetic procollagen processing. We further hypothesized that one determinant of post-synthetic procollagen processing is the extracellular protein secreted protein acidic and rich in cysteine (SPARC).
Previous studies in noncardiovascular tissues have shown that SPARC is a procollagen-binding protein with counteradhesive activity and that it participates in the coordination of procollagen processing and facilitates the formation and assembly of mature cross-linked insoluble structural collagen fibrils. 8, 9 Studies in dermal tissue and dermal fibroblasts support the hypothesis that when SPARC binds to newly secreted procollagen, it chaperones the procollagen molecule through processing steps within the extracellular space (Figure 1 ) and limits binding of procollagen to cell-surface receptors. 10 -13 By diminishing procollagen engagement of cell surface receptors, SPARC facilitates the optimal sequence and timing of the processing steps and prevents procollagen from being degraded prematurely or processed improperly. 10 SPARC is not absolutely required to process procollagen, but SPARC enhances and facilitates procollagen processing. In transgenic mice that do not express SPARC (SPARC-null mice), there was a substantial decrease in dermal collagen concentration, collagen fibrils were significantly smaller, and the dermis had a significantly decreased tensile strength (and decreased stiffness) compared with dermis from wild-type (WT) mice. 11 However, post-synthetic procollagen processing has not been studied extensively in myocardial tissue. It is not known whether SPARC is an important determinant of post-synthetic procollagen processing in the myocardium or whether procollagen processing is altered in the myocardium of the pressure-overloaded LV. It is also not known whether a change in SPARC expression is a fundamental mechanism by which pressure overload increases myocardial fibrillar collagen content and causes diastolic dysfunction. Accordingly, the purpose of the present study was to test the hypothesis that (1) SPARC is an important determinant of myocardial fibrillar collagen content in normal myocardium, (2) SPARC is significantly increased in pressure-overloaded myocardium, and (3) the absence of SPARC significantly alters the effects of pressure overload on myocardial fibrillar collagen content and diastolic function. Schematic drawing representing intracellular steps of procollagen synthesis and extracellular steps of procollagen processing into a mature cross-linked collagen fibril. SPARC, a procollagen binding protein with counteradhesive activity, is hypothesized to participate in the coordination of procollagen processing and facilitate the formation and assembly of mature cross-linked insoluble structural collagen fibrils. Modified with permission from Bishop and Laurent. 7
Methods

Protocols
Four groups of mice were studied (WT control, WT transverse aortic constriction [TAC], SPARC-null control, and SPARC-null TAC) with 4 protocols (A through D; Figure 2 ). Transgenic mice that do not express SPARC (SPARC-null mice, produced by targeted gene deletion) were generated on a C57Bl6/SV129 background. SPARCnull mice were compared with their WT littermate mice (C57Bl6/ SV129) both in the control state and after TAC. To determine whether the absence of SPARC resulted in a change in cardiac phenotype, nonoperated WT and SPARC-null control mice underwent echocardiography and then were randomly assigned to 1 of 4 experimental protocols (A through D). To determine whether the absence of SPARC altered the phenotypic response to TAC-induced pressure overload, WT mice and SPARC-null mice underwent TAC at 4 weeks, followed by echocardiography and random assignment to 1 of 3 experimental protocols (A, B, or C). The methods used to perform echocardiography 14 and TAC have been described previously and are presented in detail in the online-only Data Supplement.
Twenty-nine nonoperated control SPARC-null mice (16 males, 13 females) and 29 WT mice (15 males, 14 female) were studied at 12 weeks of age and were entered into protocols A (nϭ10 SPARC null, 10 WT), B (nϭ7 SPARC null, 7 WT), C (nϭ6 SPARC null, 6 WT), and D (nϭ6 SPARC null, 6 WT). Forty-three SPARC-null (22 male, 21 female) and 42 WT (22 male, 20 female) mice were subjected to TAC surgery at 12 weeks of age. Twenty-six SPARC-null (14 male, 12 female) and 18 WT (10 male, 8 female) mice survived 4 weeks of TAC and were entered into protocols A (nϭ14 SPARC null, 8 WT), B (nϭ6 SPARC null, 5 WT), and C (nϭ6 SPARC null, 6 WT). All procedures performed were approved by the Medical University of South Carolina Institutional Animal Care and Use Committee in accordance with National Institutes of Health guidelines.
Protocol A
Mice were anesthetized with inhalation isoflurane and given heparin 200 U IP. The LV was isolated, weighed, divided into 2 pieces, and frozen in liquid nitrogen. Two sets of analyses were performed: (1) Collagen composition was determined by biochemistry, and (2) SPARC abundance was determined by immunoblot.
Extraction and Biochemical Quantification of Collagen
Frozen LV tissue was lyophilized, weighed (dry weight), pulverized, resuspended in 1 mol/L NaCl with protease inhibitors, tumbled overnight at 4°C, and centrifuged. The supernatant then contained the salt-soluble collagen (ie, largely non-cross-linked collagen); the pellet contained the salt-insoluble collagen (fully mature crosslinked fibrillar collagen). Each collagen fraction was processed separately. Collagen fractions underwent complete acid hydrolysis with 6N HCl for 18 hours at 120°C, and then each was neutralized to pH 7 with 4N NaOH. One milliliter of chloramine T was added to 2-mL volumes of collagen sample and incubated at room temperature for 20 minutes. One milliliter of Ehrlich's reagent (60% perchloric acid, 15 mL of 1-propanol, 3.75 g of p-dimethylaminobenzaldehyde in 25 mL) was added, and samples were incubated at 60°C for 20 minutes. Absorbance at 558 was read on a spectrophotometer. Collagen was quantified as micrograms of hydroxyproline per milligram of dry weight LV myocardium. Total collagen was calculated as the sum total of the salt-soluble and -insoluble fractions. Thus, 3 collagen measurements were made by this hydroxyproline quantification of differentially isolated collagen fractions: Salt-insoluble collagen (mature, fully processed crosslinked collagen) and salt-soluble collagen (not processed or incompletely processed but non-cross-linked collagen) and total collagen (the sum of soluble plus insoluble collagen).
Western Blot Analysis
Immunoblots were performed on LV tissue samples extracted with 1 mol/L NaCl to obtain the salt-soluble fraction or LV tissue samples treated with Triton extraction buffer. SDS-PAGE gels were probed with murine anti-SPARC polyclonal antibodies (1:20 000 dilution, R&D Systems, Minneapolis, Minn).
Protocol B
Mice were anesthetized and given heparin 200 U IP. The LV was isolated, the aorta cannulated, the LV perfused with 2,3-butanedione monoxime, and the papillary muscle isolated to determine in vitro myocardial systolic and diastolic function.
Papillary Muscle Preparation and Myocardial Function Measurements
Previously, our laboratory performed isolated papillary muscle studies in normal and pressure-overloaded cats and rats. [15] [16] [17] The methods used in these studies were modified for the study of murine papillary muscles (Data Supplement). Passive diastolic stiffness was examined in 2 ways: (1) by defining rest stress at the length (Lmax) at which maximum active tension was developed and 2) by performing a muscle stretch at a very slow stretch rate (1 mm/min) beginning from near slack length (very lightly preloaded muscle at 0.1 g) to a muscle length of 15% greater than that at slack length (equivalent to Lmax preload). The myocardial stress-versus-strain relationship during this muscle stretch was used to calculate the passive stiffness constant, ␤, as stressϭAe (␤Strain) ϩC, where A and C are curve-fitting constants. Myocardial stress was calculated from muscle force divided by muscle cross-sectional area, and strain was calculated as LϪL 0 /L 0 , where Lϭmuscle length during stretch and L 0 ϭmuscle length at 0.1 g of preload.
Protocol C
Mice were anesthetized and given heparin 200 U IP. The LV was isolated and the aorta cannulated, and the LV was divided in half. One half of the LV was fixed in 4% paraformaldehyde and stored in 4% paraformaldehyde at 4°C to undergo quantitative collagen content analysis with light microscopy studies. The other half of the LV was fixed in 2% glutaraldehyde to undergo morphometric analysis of fibrillar collagen with scanning electron microscopy studies.
Collagen Content by Light Microscopy
LV sections were stained with picrosirius red (PSR) to detect collagen fibers and were viewed with polarized light under dark field optics to detect birefringence of collagen fibers. Quantitative analysis of PSR-stained images captured with polarized light was performed. Five fields chosen at random from each mouse were scanned with SigmaScan software. Fields with large blood vessels were excluded from the analysis. Areas examined were distributed throughout the myocardium from the subendocardium to the subepicardium and excluded the epicardial surface. Collagen volume fraction (CVF) was calculated as the area stained by PSR divided by the total area of interest using previously published techniques. 18 PSR birefringent staining was used to identify and quantify mature, fully processed cross-linked insoluble fibrillar collagen within the myocardium. 19, 20 Additional studies confirmed that PSR birefringent staining does not detect procollagen and is specific for mature collagen fibrils; these are presented in the Data Supplement.
Collagen Morphological Structure by Scanning Electron Microscopy
LV samples were processed according to previously published techniques, which included immersion fixation in 2% cacodylate glutaraldehyde, postfixation in 2% osmium tetroxide, dehydration with 100% alcohol, and drying with hexamethyldisilazane with a critical point dryer. 21 Samples were mounted on scanning electron microscopy stubs, sputter-coated with gold palladium, and imaged with a JEOL JSM-5410 scanning microscope (JEOL Ltd, Tokyo, Japan) at 15 kV, with lens current set at 46 and the working distance set at 14.
Protocol D
Tail-cuff arterial blood pressure was measured, then LV cardiomyocytes were isolated by collagenase techniques, and cardiomyocyte systolic and diastolic function was assessed. Mice blood pressure was obtained by a noninvasive tail cuff (BP2000 system, VisiTech, Sunderland, United Kingdom). 22 Blood pressure measurements were used together with echocardiographically determined LV stroke volume to calculate effective arterial elastance (Ea). 23 Briefly, arterial elastanceϭsystolic pressure/stroke volume, where stroke volumeϭend-diastolic volumeϪend-systolic volume. After the blood pressure and echocardiographic studies, mice underwent cardiomyocyte isolation.
Cardiomyocyte Isolation and Function Measurements
Cardiomyocyte isolation was performed by collagenase digestion methods (Data Supplement). 24 Using methods described below, 20 cardiomyocytes from each mouse underwent study to examine their systolic and diastolic properties by use of the IonOptix system (IonOptix, Milton, Mass), and 10 cardiomyocytes from each mouse underwent study to examine passive stiffness of cardiomyocytes by use of our custom stretch system.
Cardiomyocyte systolic and diastolic relaxation properties were measured in isolated cardiomyocytes with the IonOptix system (Data Supplement). 25 The passive stiffness properties of isolated cardiomyocytes were determined by a passive stretch method (Data Supplement). 26 
Statistical Analysis
Data are presented as meanϮSEM. Differences in continuous variables between the WT control, WT TAC, SPARC-null control, and SPARC-null TAC groups were determined by 1-way ANOVA followed by Tukey testing of pairwise analysis. Although data comparing WT control versus SPARC-null control are presented in the Results section separately from data comparing WT TAC versus SPARC-null TAC, all comparisons were done in the context of a 4-group comparison (WT control, WT TAC, SPARC-null control, SPARC-null TAC) by the statistical methods stated above. Differences in dichotomous variables were determined by 2 test, and adjustment for multiple comparisons was made with Bonferroni methods for testing of pairwise differences, which has a relatively conservative approach similar to that used with the continuous variables. The survival data presented in Figure 3 utilized a standard Kaplan-Meier analysis. PϽ0.05 was considered significant. The primary outcome variable for the present study was the concentration of insoluble collagen measured by biochemically determined hydroxyproline levels. The other measurements presented are secondary end points that are included as an exploratory analysis to examine pathophysiological mechanisms.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
SPARC-Null Mouse Cardiac Phenotype
Fibrillar Collagen Content by Light Microscopy
There was a significant decrease in PSR staining in SPARCnull LV myocardium compared with that seen in the WT control LV myocardium ( Figure 4 ). CVF ( Figure 4 ) was decreased in the SPARC-null control (0.46Ϯ0.04%) compared with the WT control (0.92Ϯ0.10%, PϽ0.05).
Collagen Composition by Biochemistry
In SPARC-null control mice, there was a decrease in total collagen and a decrease in the relative proportion of collagen that was insoluble compared with WT control mice ( Figure  4 ). The relative proportion of insoluble collagen fell from 91Ϯ1% in WT to 87Ϯ1% in SPARC-null mice (PϽ0.05; Table 1 ). By contrast, the relative proportion of collagen that Figure 3 . Effects of the absence of SPARC and the imposition of TAC on mortality by Kaplan-Meier analysis. WT and SPARC-null control mice (which did not undergo TAC) received an echocardiogram at day zero and at day 28 (4 weeks). WT and SPARC-null TAC mice received an echocardiogram at day zero before TAC and at day 28 (4 weeks after TAC).
was soluble increased from 9Ϯ1% in WT to 13Ϯ1% in SPARC-null mice (PϽ0.05).
Collagen Morphology by Scanning Electron Microscopy
Morphological structure and distribution of fibrillar collagen was examined qualitatively in LV samples from WT and SPARC-null control mice ( Figure 4 ). Fibrillar collagen struts and weave were reduced in the SPARC-null mice.
LV Structure and Function
There were no significant differences in LV volume, mass, mass/body weight ratio, volume/mass ratio, or ejection fraction in SPARC-null mice compared with WT mice (Table 2) . Thus, the absence of SPARC did not alter LV volume, geometry, mass, or systolic function.
Vascular Function
The absence of SPARC did not significantly affect blood pressure or effective arterial elastance. Systolic blood pressure was 102Ϯ7 mm Hg in WT mice versus 104Ϯ6 mm Hg in SPARC-null mice, and effective arterial elastance was 2.3Ϯ0.3 mm Hg/L in WT mice versus 2.4Ϯ0.2 mm Hg/L in SPARC-null mice. There were no significant differences in any of these measurements between WT and SPARC-null control mice.
Myocardial Function
The effects of the absence of SPARC on myocardial systolic properties, diastolic relaxation, and passive stiffness were assessed by isolated papillary muscle studies. As shown in Table 3 , myocardial systolic properties were not significantly different in SPARC-null control mice compared with WT control mice. Similarly, there were no significant differences in myocardial relaxation rates. By contrast, myocardial passive stiffness was decreased in SPARC-null control mice compared with WT control mice ( Figure 5 ). The myocardial stiffness constant (␤) was decreased significantly in papillary muscles isolated from SPARC-null mice compared with WT mice ( Figure 5 ).
Cardiomyocyte Function
Cardiomyocyte systolic properties as measured by the percent and rate of shortening were not significantly different in SPARC-null versus WT control cardiomyocytes ( Table 3 ). In addition, cardiomyocyte diastolic properties as measured by the rate of lengthening and cardiomyocyte stiffness were not significantly different in SPARC-null versus WT control cardiomyocytes.
Effects of TAC
The 28-day Kaplan-Meier survival curves for the 4 groups of mice studied (WT control, WT TAC, SPARC-null control, and SPARC-null TAC) are presented in Figure 3 . This analysis showed that the procedural and periprocedural death rate after TAC was similar in WT and SPARC-null mice; late survival after TAC was also similar in WT and SPARC-null mice. There were no deaths in the control groups during the 28-day period.
SPARC Immunoblot
There was a significant increase in SPARC expression in WT mice 4 weeks after TAC measured in both salt-soluble and detergent-soluble LV myocardial tissue samples ( Figure 6 ). As expected, there was no SPARC expression in SPARC-null mice.
Fibrillar Collagen Content by Light Microscopy
There was a significant increase in PSR staining in WT mice after TAC ( Figures 4C and 4D ). There was also an increase in PSR staining in SPARC-null mice after TAC. However, the increase in PSR staining in SPARC-null TAC mice was less than that which occurred after TAC in WT mice. CVF was increased in WT TAC mice (4.8Ϯ0.8%, PϽ0.05 versus WT control). CVF was also increased in SPARC-null TAC mice (1.49Ϯ0.13%, PϽ0.05 versus SPARC-null control); however, this TAC-induced increase in CVF was less in the SPARC-null TAC mice than in the WT TAC mice (PϽ0.05). The coefficient of variation between LV regions in the 2 groups of mice was low.
Collagen Composition by Biochemistry
In WT mice, TAC increased total collagen and increased the relative proportion of collagen that was insoluble ( Figure 4 ). Relative insoluble collagen increased to 99Ϯ2% in WT TAC mice (PϽ0.05 versus control WT mice; Table 1 ); however, in WT mice, TAC decreased the relative proportion of collagen that was soluble. Relative soluble collagen decreased to 1Ϯ2% in WT TAC mice (PϽ0.05 versus WT control mice).
In SPARC-null mice, TAC resulted in an increase in total collagen compared with SPARC-null control mice, and this increase was similar in extent to the increase in total collagen that occurred in WT mice after TAC (Figure 4) . In SPARCnull mice, TAC increased both insoluble and soluble collagen concentrations compared with SPARC-null control mice. In addition, the relative proportion of collagen that was insoluble (86Ϯ2%) and the relative proportion of collagen that was soluble (14Ϯ2%) were not changed after TAC in SPARCnull mice compared with SPARC-null control mice (Table 1) . Data are meanϮSEM. There were no significant differences between WT and SPARC-null mice. However, after TAC, the relative proportion of collagen that was insoluble was smaller and the relative proportion of collagen that was soluble was larger in the SPARC-null mice than in the WT control mice (both PϽ0.05, SPARC-null TAC versus WT TAC mice).
Collagen Morphology by Scanning Electron Microscopy
Morphological structure and distribution of fibrillar collagen were qualitatively examined in LV samples from WT and SPARC-null TAC mice (Figure 4 ). In both WT and SPARCnull TAC mice, the fibrillar collagen struts and weave were increased compared with control mice; however, these changes were less pronounced in SPARC-null mice than in WT mice.
LV Structure and Function
TAC-induced pressure overload resulted in an equivalent increase in LV mass in WT and SPARC-null mice ( Table 2) . LV mass, wall thickness, and relative wall thickness increased in both WT and SPARC-null mice as a result of TAC for 4 weeks. The aortic pressure gradient created by the TAC was increased to an equivalent degree in both WT and SPARC-null mice after TAC. The aortic gradient reflects the pressure overload stimulus created by TAC. This stimulus was similar in both WT and SPARC-null mice that underwent TAC.
Myocardial Function
Papillary muscle cross-sectional area was not affected by the absence of SPARC in control mice (cross-sectional ar-eaϭ0.41Ϯ0.07 mm 2 in WT versus 0.43Ϯ0.04 in SPARC-null mice) or TAC mice (cross-sectional areaϭ0.53Ϯ0.04 in WT versus 0.58Ϯ0.04 in SPARC-null mice); however, the crosssectional area was larger in TAC mice than in control mice (PϽ0.05). Minimum myocardial papillary muscle stress at Lmax was lower in SPARC-null mice than in WT mice both in control (4.88Ϯ0.2 mN/mm 2 in WT control versus 3.05Ϯ0.35 mN/mm 2 in SPARC-null control, PϽ0.05) and after TAC (7.06Ϯ0.44 mN/mm 2 in WT TAC versus 5.26Ϯ0.81 mN/mm 2 in SPARC-null TAC, PϽ0.05); however, minimum myocardial papillary muscle stress at Lmax was higher in TAC versus control mice (PϽ0.05). Myocardial diastolic stiffness (␤) was increased in WT TAC mice compared with control WT mice. Myocardial diastolic stiffness also increased in TAC SPARC-null mice compared with control SPARC-null mice; however, this increase was significantly less than that which occurred in WT mice after TAC ( Figure 5 ).
Discussion
The present studies demonstrated the following: (1) SPARCnull mice had a significant change in cardiac phenotype compared with WT mice, which was characterized by a decrease in mature cross-linked insoluble collagen fibrils and a decrease in myocardial diastolic stiffness; (2) TAC-induced pressure overload in WT mice increased SPARC expression, insoluble collagen, and myocardial stiffness; and (3) TACinduced pressure overload in SPARC-null mice resulted in a significantly smaller increase in insoluble collagen and myocardial stiffness than it did in WT mice. These data support the hypothesis that SPARC is an important determinant of post-synthetic procollagen processing and the development of mature cross-linked collagen fibrils in the normal myocardium and that SPARC is one fundamental determinant by which chronic pressure overload increases myocardial fibrillar collagen content and contributes to the development of diastolic dysfunction.
Procollagen Processing in Noncardiovascular Tissues
After synthesis, procollagen molecules are secreted into the extracellular space, where they must undergo a series of ordered, time-sensitive, and location-sensitive processing steps to become a mature cross-linked insoluble structural collagen fibril 27 (Figure 1) . These procollagen processing steps appear to be most efficient and effective in leading to formation of or incorporation into a mature cross-linked insoluble structural collagen fibril when they occur in the presence of matricellular proteins such as SPARC. 8, 9, 27 The hypothesis that SPARC coordinates procollagen processing and facilitates collagen fibril assembly and formation 9 is based largely on studies performed in the dermis from normal WT and SPARC-null mice. These experiments demonstrated that SPARC-null mice had substantial decreases in dermal collagen concentrations (half that of WT dermis). Collagen fibrils from the dermis of SPARC-null mice were significantly smaller and had a decreased range of fibril diameters compared with the dermis from WT mice. 11 In addition, these structural changes in collagen fibrils were associated with changes in the mechanical and functional properties of the dermis, including decreased tensile strength (and decreased stiffness). 11 In experimental models of dermal injury and fibrosis, SPARC-null mice had a significantly blunted response to the fibrotic stimulus, with significantly less fibrillar collagen deposition than WT mice. 12, 13 For example, when foreign material is implanted in the skin, a fibrous capsule is synthesized around the foreign material. In SPARC-null mice, the fibrillar collagen surrounding the foreign material exhibited fewer and smaller diameter fibrils than in WT mice. 13 Therefore, there is convincing evidence that SPARC is an important determinant of post-synthetic procollagen processing and the development of mature cross-linked collagen fibrils in the ECM of dermal, pulmonary, skeletal, and renal tissues, particularly in response to injury. On the basis of these studies in noncardiovascular tissues, we hypothesized that procollagen processing and the development of mature cross-linked collagen fibrils would be altered in myocardial tissues of SPARC-null mice and that the response to a stimulus that increases myocardial fibrillar collagen content would be altered in SPARC-null mice.
Proposed Mechanisms by Which SPARC Affects Procollagen Processing
The mechanism by which SPARC influences procollagen processing has been studied in vitro with primary dermal fibroblast cultures from WT and SPARC-null mice. 10 Procol- lagen, collagen intermediates, and soluble and insoluble collagen were measured in the conditioned media and in the "cell associated layer." In the absence of SPARC, procollagen secreted from fibroblasts had a greater tendency to associate with and bind to the fibroblast cell surface and to undergo either degradation or premature, disordered processing, and they did not efficiently or effectively develop into mature cross-linked collagen fibrils. If recombinant SPARC was added to SPARC-null primary fibroblast cultures, procollagen processing was restored toward normal. When recombinant SPARC was added to SPARC-null fibroblasts, procollagen binding to or association with the fibroblast cell surface was decreased, and effective procollagen processing into mature collagen fibrils was returned to levels comparable to the WT fibroblasts. 10 Therefore, these in vitro results suggest that SPARC limits procollagen binding to cell surface receptors and promotes processing of procollagen into mature collagen fibrils. In the absence of SPARC, the regulation of procollagen processing is disrupted, and collagen interaction with receptors is enhanced, which leads to increased degradation of procollagen at the expense of incorporation of processed collagen into insoluble collagen fibrils.
Myocardial Collagen: Effects of the Absence of SPARC
LV myocardial collagen was examined in the present study by 3 independent methods: (1) Collagen content was examined with light microscopy PSR birefringent staining and quantified by measuring CVF; (2) collagen composition was examined with a biochemically determined hydroxyproline assay to quantify insoluble versus soluble collagen; and (3) collagen morphology was examined by scanning electron microscopy. These data showed that the absence of SPARC reduced the pressure overload-induced increase in myocardial collagen content, changed the composition of myocardial collagen in favor of more soluble and less insoluble collagen, and altered the collagen morphology. Although the differences in CVF were directionally similar to the hydroxyproline analysis, the magnitude of the change in fibrillar collagen as measured by CVF differed somewhat from the biochemically derived collagen measurements made by hydroxyproline analysis. When collagen content was assessed by CVF, there was a more robust response to TAC-induced pressureoverload hypertrophy in mice than was measured by the hydroxyproline analysis. We attribute this difference in collagen measurement to at least 3 factors. First, the hydroxyproline analysis included measurement of all of the collagen in the LV, including that found in association with large blood vessels and the epicardial surface. We do not believe that the absence of SPARC changes collagen associated with large blood vessels and the epicardial surface, and therefore, the effects of the absence of SPARC on myocardial fibrillar collagen would be somewhat minimized (or perhaps underestimated) by the hydroxyproline analysis. By contrast, CVF measurements were restricted to changes in interstitial collagen and excluded large blood vessels and the epicardial surface. Second, the hydroxyproline assay measured all collagen types, not just those that contribute to interstitial fibrillar collagen. By contrast, CVF primarily quantified collagen types I and III, which constitute interstitial fibrillar collagen. Third, CVF measurements were likely influenced by proteoglycan incorporation into collagen fibrils. Myocardial proteoglycans are known to be increased in response to pressure-overload hypertrophy but are not likely to be affected by the absence of SPARC. Therefore, the inclusion of proteoglycans by the PSR assay is likely to increase the apparent collagen fiber diameter as assessed by PSR, increase the measured CVF, and somewhat maximize (or perhaps overestimate) fibrillar collagen. By contrast, hydroxyproline is specific to collagen molecules only. These 3 factors help explain why there were differences between CVF and hydroxyproline assessment of mature, fully processed crosslinked myocardial fibrillar collagen and why the percent change in CVF was larger than that of the hydroxyproline assay. The hydroxyproline assay minimized (or perhaps underestimated) and the PSR assay maximized (or perhaps overestimated) the effects of the absence of SPARC on myocardial fibrillar collagen content. Nonetheless, we believe that the measurements of both CVF and hydroxyproline are complementary, that each measurement contributes to the overall understanding of collagen homeostasis in pressureoverload hypertrophy and confers an ability to examine the effects of SPARC on procollagen processing in pressureoverload hypertrophy. Importantly, both collagen measurements support the hypothesis that the absence of SPARC influences post-synthetic procollagen processing and alters collagen concentrations in the LV both in the control state and after pressure-overload hypertrophy induced by TAC.
In previous studies, there has been some variability in the effects of pressure overload on percent interstitial fibrosis, CVF, and collagen content. 28 -30 Variability in these measurements may be technique-dependent, based in part on whether PSR staining was performed with birefringence (polarized light) or without birefringence, whether Masson's trichrome staining was used, and the exact morphological quantitation program used. PSR staining with birefringence stains only mature, fully processed cross-linked fibrillar collagen. PSR staining without birefringence is less specific for these collagen fibers. Masson's trichrome stain binds to many types of ECM proteins and is not specific for fibrillar collagen. In addition, previous studies did not always state whether vasculature and epicardial surfaces were excluded from CVF measurements. For example, in a study by Zhang et al, 28 CVF measured by quantification of LV myocardial sections stained with Masson's trichrome increased from Ϸ1% in WT C57Bl6 mice to Ϸ12% in pressure-overload hypertrophic mice. Zeisberg et al 30 reported Ϸ20% fibrotic area in banded WT C57Bl6 mice, and Barrick et al 29 reported an increase from Ϸ1% in normal mice to Ϸ5% in pressure-overload hypertrophic mice in C57Bl6 mice. The measurements of CVF using PSR-stained images in the present study are in close agreement to that of Barrick et al. 29 It appears likely that the differences in ECM quantification as visualized by Masson's trichrome versus PSR account for the range of values reported. Therefore, interpretation of the present results and comparison with previously published results are dependent on a clear understanding of these methodological differences.
Myocardial Stiffness: Effects of the Absence of SPARC
The increase in LV passive stiffness that occurred during pressure-overload hypertrophy was likely to be caused by changes in both the cardiomyocyte and the ECM. When ECM properties are altered, the remaining abnormalities in cardiomyocytes may still result in impaired LV diastolic function. When cardiomyocyte properties are altered, the remaining abnormalities in ECM may still result in impaired LV diastolic function. The data presented in previous studies and in the present study support this conclusion. 16, 17 The most important comparisons in the present study were those between WT control versus WT TAC and between SPARCnull control versus SPARC-null TAC. Examined in this fashion, SPARC-null TAC mice had an increase in insoluble collagen compared with SPARC-null controls; however, this increase was significantly less than in WT mice. The same pattern was seen in the myocardial passive stiffness measurements. Therefore, the absence of SPARC did not completely normalize insoluble collagen or myocardial stiffness when SPARC-null TAC mice were compared with SPARC-null controls. These data support the conclusion that the increase in LV passive stiffness that occurred during pressureoverload hypertrophy was caused by abnormalities in both the cardiomyocyte and the ECM.
Systolic Function and Arterial Stiffness: Effects of the Absence of SPARC
Data from the present study support the conclusion that the absence of SPARC did not affect arterial blood pressure or vascular compliance. These results are concordant with previous studies that demonstrated that systolic and diastolic blood pressure and arterial elastance were not significantly affected by the absence of SPARC. 31 In addition, the absence of SPARC did not affect myocardial systolic properties, myocardial relaxation, or cardiomyocyte function. These data suggest that the effects of the absence of SPARC on myocardial fibrillar collagen primarily relate to myocardial passive stiffness.
Study Limitations
Fibrillar collagen homeostasis is influenced by at least 3 regulatory control mechanisms: procollagen biosynthesis, post-synthetic procollagen processing, and collagen degradation. 32, 33 The balance between these 3 regulatory control mechanisms determines the total fibrillar collagen content present in a given pathological state at a specific time. The present study focused specifically on the role that SPARC plays in post-synthetic procollagen processing and facilitation of the formation and assembly of mature cross-linked insoluble structural collagen fibrils. However, we recognize that experiments examining the effects of a change in SPARC on fibrillar collagen content must be interpreted in light of potential simultaneous changes in the other regulatory control mechanisms.
In the TAC experiments, neither procollagen synthesis nor mature cross-linked collagen fibril degradation was measured directly; however, some of the data obtained in the present study and data from experiments performed in dermal fibroblasts suggest that the absence of SPARC did not change either procollagen synthesis or mature cross-linked collagen fibril degradation. For example, TAC-induced pressure overload increased total collagen to a similar extent in both WT and SPARC-null mice; the primary substantial differences were in the insoluble versus soluble collagen fractions, which resulted in an increase in collagen content as measured by CVF and a change in fibrillar collagen morphology as evidenced in the scanning electron microscopy photomicrographs. In addition, data obtained from previous studies examining collagen synthesis and degradation in dermis and dermal fibroblasts showed no significant changes in collagen synthesis or degradation rates in SPARC-null versus WT mice. Although this conclusion will have to be supported by future studies that include direct in vivo measurements, data in the present study support the hypothesis that SPARC plays an important role in post-synthetic procollagen processing and facilitation of the formation and assembly of mature cross-linked insoluble structural collagen fibrils.
The myocardial response to stress is dependent on the type of stress imposed (pressure overload versus volume overload versus myocardial infarction), the strain of animal used, and the length over which the stress is imposed and the response monitored. Therefore, the effects of the absence of SPARC seen in the present study with TAC-induced pressureoverload hypertrophy may differ if any of these variables are changed. One genetic background strain was used both in the SPARC-null and WT mice: C57Bl6/SV129. Thus, variability in at least this determinant of the response to the imposed stress was eliminated. The response to pressure overload will produce a different response than volume overload or myocardial injury from a myocardial infarction. Whether procollagen processing and SPARC play an equivalent and important role in each type of stimulus is not fully known at this time. The present report selectively examined the response to pressure overload. One previous study examined the response of SPARC-null mice to the imposition of a myocardial infarction. 34 In that study, there was an 80% mortality rate after myocardial infarction in SPARC-null mice, whereas there was a 15% mortality rate in WT mice after myocardial infarction. In addition, after myocardial infarction, SPARCnull mice developed misaligned and disorganized ECM. To date, no other published studies have examined the effect of the absence of SPARC in response to pressure overload, volume overload, or myocardial infarction. Future studies must be designed to fully evaluate the function of SPARC in post-synthetic procollagen processing in response to these different types of stimuli and the others factors listed above.
Whether there is a differential gender response to pressureoverload hypertrophy or the absence of SPARC has not been examined. In general, when the data were divided into male and female, the response appeared to be similar between genders. In particular, there appeared to be no gender differences in response to the absence of SPARC. However, the present study was not powered with a sufficient sample size 31. Socha MJ, Manhiani M, Said N, Imig JD, Motamed K. Secreted protein acidic and rich in cysteine deficiency ameliorates renal inflammation and fibrosis in angiotensin hypertension. 
CLINICAL PERSPECTIVE
Chronic heart failure (HF) is associated with and in large part caused by left ventricular remodeling. Although a wide spectrum of types of remodeling occur in patients with chronic HF, studies have often divided chronic HF patients into 2 broad groups based on a clustering of remodeling characteristics: those with HF and a decreased ejection fraction and those with HF and a normal ejection fraction. Patients with HF and a normal ejection fraction have significant abnormalities in left ventricular diastolic function, including increased diastolic pressures, abnormal relaxation and filling, and increased diastolic stiffness. It is for this reason that many, if not most, patients with HF and a normal ejection fraction are said to have diastolic HF. Defining the underlying pathophysiological mechanisms that cause these changes in diastolic function has remained a challenge. The present study used a murine model of pressure overload that resulted in concentric remodeling and diastolic dysfunction, findings similar to those in patients with HF and a normal ejection fraction, to examine the pathophysiological role of increased extracellular matrix fibrillar collagen. Using transgenic technology, the present study examined the role of secreted protein acidic and rich in cysteine (SPARC) in post-synthetic procollagen processing and pressure overload-induced changes in extracellular matrix fibrillar collagen and diastolic dysfunction. Data from the present study support the conclusion that SPARC-mediated post-synthetic procollagen processing is one fundamental mechanism by which chronic pressure overload increases myocardial fibrillar collagen content and contributes to the development of diastolic dysfunction. The regulation of SPARC and post-synthetic procollagen processing may provide important mechanism-based targets for the development of novel therapies for patients with chronic HF.
